• Stage efficiency of the investigated column is high in comparison with other extractors • Stage efficiency is strongly dependent on the agitation rate and interfacial tension • Stage efficiency is better when the mass transfer direction is from continuous to dispersed phase • Empirical correlation is derived for prediction of stage efficiency
Solvent extraction is one of the key unit operations in the processes including the petrochemical, pharmaceutical, hydrometallurgical, and environmental industries. Among various types of solvent extraction units, the extraction column is emerging as one of the best choices because of a high throughput and stage efficiency [1] .
The droplet size and the degree of turbulence are dependent on the mechanical agitation in the extraction column. Mixing can intensify the stage efficiency due to the large interfacial area with small dispersed drops [2, 3] . As drop size decreases with agit-ation speed, the relative velocity between the dispersed phase and continuous phase decreases likewise, which lowers the throughput. In addition, the agitation can increase the axial mixing and reduce the extraction efficiency by decreasing solute concentration gradients and as a consequence the mass transfer rate. Neglecting the effect of axial mixing when designing an extraction column can lead to overestimation of mass transfer efficiency of about 30% or more [4] . Thus, the mechanical agitation can be used to control the droplet size, dispersed phase holdup, stage efficiency and, consequently, the performance of the extraction columns [5] .
In several studies, a number of authors have reported different methods to decrease axial mixing by coalescing small drops in the section between stages. Internal column geometry reduces axial mixing, increases droplet coalescence and breakage rates resulting in increased mass transfer rates, and affects the mean residence time of the dispersed phase, which allows the handling of large loads with small differences of interfacial tension and density, improving the hydrodynamic performance of the column and, subsequently, the extraction efficiency [6, 7] .
The experimental set up with the mixing part and the packing part alternately to promote drop coalescence in the packing part has been reported by Scheibel [8] . For the same objective, a three-dimensional lattice as a partition of the mixing stages was investigated by Steiner et al. [9] .
The coalescence-dispersion pulsed-sieve-plate extraction column (CDPSEC) is a modified pulsedsieve-plate extraction column (PSEC). It was reported that the CDPSEC with 50 mm in the plate spacing was of 120% overall mass transfer efficiency over the standard PSEC [10] . However, when the plate spacing of the CDPSEC was reduced to 25 mm, it was reported that the mass transfer efficiency of the CDPSEC was only about 50% that of the standard PSEC, although the interface renewal frequency was doubled [11] .
Horvath and Hartland achieved the high stage efficiency with a mixer-settler extraction column in which the inter-stage mixing was extremely small, similar to the throughput of the column [12] . Schweitzer reported a rectangular mixer-settler tower with horizontal arrangement of the mixer and settler in each stage. The arrangement between stages can reduce the axial mixing and result in the enhancement of separation efficiency [13] . The comparison of performance of various columns is shown in Table 1 .
The Oldshue-Rushton column manufactured by the mixing equipment company and commonly known as the Mixco column was developed in 1940 thanks to the best endeavors of Rushton and Oldshue. The unit consists of an outer shell in which horizontal stage separators are constructed to form the desired number of processing stages, each equivalent to a separate mixing operation [14] . Experimental work in Oldshue-Rushton columns is limited and the studies about stage efficiencies in the column have rarely been referred to in the literature.
The objective of the present work is to investigate the influence of operating parameters such as rotor speed and velocity of dispersed and continuous phase on the stage efficiency for mass transfer directions as well as the two systems. An empirical correlation for prediction of stage efficiency is recommended in terms of physical properties of liquid systems and operating conditions. EXPERIMENTAL A pilot plant Oldshue-Rushton extraction column is used in these experiments. The column built in a cylindrical glass section was equipped with impellers with accurate speed control and the internal parts were constructed from stainless steel; a schematic diagram of the Oldshue-Rushton column used in this study is presented in Figure 1 . The specifications of this column and range of operating variables are listed in Table 2 .
In normal operation, two types of immiscible liquids with different densities flow counter-currently through the apparatus. One of them is in large quantity (continuous phase), while the other, being in minute quantity (few percent), is dispersed as drops. Two flow meters are employed to supply and monitor the fixed flow rates of continuous and dispersed phases. The inlet and outlet of the column are connected to four tanks, each of 85 L capacity. The interface is maintained at the required level by using an optical sensor as previously described.
Two chemical systems for instance tolueneacetone-water (high interfacial tension), and n-butyl acetate-acetone-water (medium interfacial tension) are examined on the extraction column for both mass transfer directions. The European Federation of Chemical Engineering (EFCE) has adopted these systems as recommended systems. All experiments are carried out far from flooding conditions. Conditions became steady, as evidenced by a constant interface level, after three or four column volume of operation depending on the phase flow rates and rotor speed. At the end of each experiment, the average hold-up of the column was measured by using the shutdown procedure (interface position changes).
In all experiments, dilute solutions were investigated with approximately 3.5 wt.% acetone in the organic phase. The acetone content of the aqueous and organic stream was measured by UV-Vis spectroscopy. The physical properties of the liquidliquid systems used in these experiments are listed in Table 3 [15] . In the present work, the values of physical properties have been assumed to correspond to the arithmetic-mean concentrations of the continuous and dispersed phases at the inlet and outlet of the column. The drops were photographed by a very high--resolution Nikon D5000 camera. Next, droplet dimensions were compared with the thickness of stators as a reference. It is found that the curved surface of the glass extraction column and significant differences between air and the glass refractive indices leads to a parallax deformation of the objects photographed in the extraction column. In order to omit this phenomenon, a container filled with water was attached to the extraction column and the photographic approach was used to calculate the size of stator thickness served as the reference for drop size measurements. Consequently, digital image analysis software was applied in order to investigate the taken high quality photograph. A minimum of 1000 drops was analyzed for each experimental condition in order to guarantee the statistical significance of the determined size distributions.
In the case of non-spherical droplets, the major and minor axes, d 1 and d 2 , were measured and the equivalent diameter, d e , was calculated from Eq. (1):
The Sauter mean diameter was then calculated according to the following equation: 
where n i is the number of droplets of the mean diameter d i within a narrow size range i.
RESULTS AND DISCUSSION
The performance of an extraction column with well-defined stages can be expressed in terms of Tables A.1 and A.2 in Appendix and the pictures of drop sizes for two systems is shown in Figure 3 .
Effect of agitation speed Figure 4a shows the effect of changing the agitation speed on the stage efficiency for both systems from dispersed to continuous phase mass transfer. It was observed that the stage efficiency in both systems is heavily dependent on the agitation speed. At low speeds, the stage efficiency is low due to inadequate mixing, resulting in low holdup and large drops (low interfacial area) that is also observed in Figure 3 . The stage efficiency increases with an increase in the agitation speed and reaches a maximum of 58% for toluene-acetone-water system at a speed of 220 rpm and a maximum of 59% for n-butyl acetate-acetone--water system at a speed of 180 rpm. Having reached its maximum, the stage efficiency falls to further increasing at agitation speed. A decrease in the stage efficiency could contribute to the a significant decrease in mass transfer rates due to small droplets behaving as rigid spheres, in which case molecular diffusion would govern mass transfer in the system.
The effect of rotor speed on the values of the stage efficiencies in the water-acetone-n-butyl acetate test system (medium interfacial tension) is greater than that of the water-acetone-toluene test system (high interfacial tension). The size of the droplets in higher interfacial tension test systems is larger than the droplet size in the lower interfacial tension test systems (Figure 3) , which results in a decrease in their residence time in the column. Finally, the slip velocities increase and, consequently, the value of the dispersed phase holdup and stage efficiency will decrease; consequently, the column will operate in a more-stable manner.
Effect of mass transfer direction
The effect of the mass transfer direction on the stage efficiency is shown in Figure 4b . It is found from this figure that the mass transfer direction has a considerable effect on the stage efficiency. The stage efficiency in the continuous to dispersed phase transfer is lower than that in the opposite direction. This is due to the interfacial tension gradients that leads to the smaller drop sizes in continuous to dispersed phase transfer and larger drop sizes in the opposite direction. Therefore, the higher values of the stage efficiency in the case of the dispersed to continuous phase transfer are resulted from the increased mass transfer rates in drops of bigger sizes due to the presence of oscillations created by coalescence between the droplets enhanced by the Marangoni effect [16] . 
Effect of dispersed phase velocity
As shown in Figure 5a , the stage efficiencies increase with an increase in dispersed phase velocity for mass transfer direction from the dispersed to the continuous phase. This observation could be attributed to an increase in mean drop sizes because of an increase in drop formation and higher coalescence frequency. The increment of the number of dispersed droplets leads to an increase in the dispersed phase holdup. It is observed that the effect of the holdup on the interfacial area is larger than that of mean drop size, i.e., the interfacial area increases with an increase in the dispersed phase velocity; albeit an increase in the dispersed phase velocity leads to the reduction of mass transfer coefficient, a decrease is more predominant when the increase in the interfacial area is considered. Therefore, the stage efficiency decreases along the column. 
Effect of continuous phase velocity
The effect of the continuous phase velocity on the stage efficiency is shown in Figure 6a . This effect leads to an increment in the holdup due to the reduction of the relative velocity between the drops and continuous phase, but it is not appreciable on the drop sizes. Therefore, the interfacial area increases with the positive effect of the holdup. An increase in drag forces arising from the relative velocity between the continuous and dispersed phases leads to the circulation in a drop and consequently, overall mass transfer coefficient increases with an increase in V c .
The stage efficiency increases with both increase in overall mass transfer coefficient and interfacial area. As mentioned earlier, it is observed from Figures 5b and 6b that the stage efficiency in the dispersed to continuous phase transfer is higher than that in the opposite direction. Comparison of other type of extractors with present column A comparison of the separation performance of the Oldshue-Rushton column with some other type of extraction extractors is described in Figure 7 . The pattern is, as proposed by Pratt and Stevens, the number of theoretical stages per unit of length against total volumetric throughput of both phases [5] . This plot is of value in facilitating the comparison of the relative areas of application of various extractor types, despite being based on the data for a single system, viz. toluene-acetone-water in a phase ratio of 1.5. The present Oldshue-Rushton column reached values of between 5.14 and 6.55 NTS/m at low total throughputs. Therefore, it can be concluded that the present column has high stage efficiency while its throughput is low. 
where:
c 32 s
The experimental data are compared with the calculated results from the above equation in Figure  8 . The stage efficiency calculated according to this correlation reproduces the experimental data with an average error of 4.64%. Thus, the proposed correlation can predict the stage efficiency of the column accurately. 
CONCLUSION
Stage efficiency was measured in a 113 mm Oldshue-Rushton column for two systems. It is shown in this work that the performance of the column depends largely on the rotor speed. The stage efficiency increased with agitation speed and reached a maximum, but after having reached its maximum, it fell to further increase in agitation speed. The comparison between the stage efficiencies for the two drops under the the same conditions of the two systems shows that the drop in n-butyl acetate-acetonewater system with a lower value of interfacial tension has a higher value of E oy . It was observed that the stage efficiency is higher when the mass transfer direction is from the continuous to the dispersed phase. The comparison of Oldshue-Rushton column with some other types of extractors revealed that the stage efficiency is high in this column. U ovom istraživanju, efikasnost stupnja je ispitivana u Oldšue-Ruštonovoj koloni, prečnika 113 mm, za dva sistema: toluen-aceton-voda i n-butil acetat-aceton-voda. Eksperimenti su uključili oba pravca prenosa mase. Ispitivan je uticaj različitih parametara, kao što su: brzina mešanja, brzine strujanja dispergovane i kontinualne faze i pravac prenosa mase, na efikasnost stupnja. Eksperimentalni podaci pokazuju da efikasnost stupnja jako zavisi od brzine mešanja i međufaznog napona, a malo od brzine strujanja faza. Primećeno je da je efikasnost stupnja bolja kada je smer prenosa mase acetona od kontinualne prema dispergovanoj fazi u odnosu na suprotan smer zbog prisustva oscilacija stvorenih gradijentom površinskog napona. Ispitivana kolona je jedna od ekstrakcionih kolona sa visokom efikasnošću stupnja. Predložena je empirijska korelacija koja povezuje efikasnost stupnja sa Rejnoldsovim i Frudovim brojem. Predviđanja jednačine se dobro slažu sa eksperimentalnim podacima.
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